It important to improve the purification of certain major mycobacterial proteins in order to ensure the ready availability of high-quality quantities in order to further clarify the suspected roles of the protein in pathogenesis and protective immunity in tuberculosis and to establish new immunodiagnostic procedures. Such an endeavor should also reveal new antigens. For many years in the past relatively crude antigen preparations such as purified protein derivative (33) were used in skin tests for human and animal tuberculosis, and purified protein derivative and culture filtrate extracts have also been used for serological diagnosis and in vitro tests for cell-mediated immunity. However, the presence of cross-reacting antigens and the potential for variability in the amount and physical nature of specific components have stimulated interest in the use of purified defined antigens to improve immunodiagnostic tests and to ensure the consistency of the quality of antigenic preparations (5, 6, 15, 28) . Furthermore, the use of purified antigens also makes it possible to understand the host response to defined bacterial components.
The major Mycobacterium bovis culture filtrate protein antigens include BCG85 complex antigens, MPB64, and MPB70 (1, 2, 7, 15-19, 26, 27, 29, 32, 40) . The effort to purify these for future study is justified from previous investigations of their activities. For example, the BCG85 complex antigens were shown to elicit skin test (7, 16, 28, 40) and humoral (13, 14, 18, 36, 42) responses. These antigens appear to play an important role in pathogenesis through an interaction with fibronectins (1, 16) , including an inhibition of the skin test response by binding T-cell fibronectins (16) . In contrast to these BCG85 complex antigens, which also occur in other mycobacterial species (40) , the MPB64 antigen is specific to M. bovis and M. tuberculosis and stimulates a skin test response in animals infected with either of these organisms (2, 17) . MPB70 is specific to M. bovis in both skin testing (17, 19, 26) and serodiagnosis (14, 18) . Moreover, it is heat stable and is excreted in large quantities (27) .
Less known antigens include a proline-rich glycosylated 45-and 47-kDa (45/47-kDa) antigen doublet (11, 31) resembling MPT32 (28) , which also elicits skin test responses and serum antibodies (31) , and an 18-kDa protein similar to MPT63 (20, 29, 40) .
Purification of antigens from both M. bovis and M. tuberculosis has been achieved through a variety of separation techniques, as reviewed by Daniel and Janicki (6) . More recent studies include isoelectric focusing (9), chromatofocusing (15), anion-exchange chromatography on DEAE columns (7, 15, 17) , gel filtration (7, 15) , hydrophobic interaction or reversephase chromatography (7, 31, 32, 36, 41) , lectin-affinity chromatography on concanavalin A (ConA)-Sepharose (12, 15) , and immunosorbent affinity chromatography with anti-MPB64 monoclonal antibodies (2) . In contrast to anion-exchange chromatography on DEAE Sepharose, chromatofocusing demonstrated a better resolution of the major M. bovis antigens (15) .
In spite of advances in the purification of M. bovis antigens by chromatofocusing and gel filtration (15) , experience in the Nepean laboratory with the latter technique was not successful for the separation of important antigens occurring in the narrow molecular size range of 22 to 32 kDa. In order to address this problem and make further progress in antigen purification, chromatofocusing and lectin-affinity chromatography were followed by hydrophobic interaction chromatography (HIC), which exploits a different molecular property of proteins. In the present study, M. bovis BCG Tokyo was chosen because it exhibited the same profile of major antigens on chromatofo-cusing (see Fig. 2 ) as was observed for virulent M. bovis isolates (15) , particularly regarding the production of MPB70, and is less biohazardous. Furthermore, BCG strains have been effectively used in a number of studies on the immunopathogenesis of tuberculosis.
MATERIALS AND METHODS
Culture of M. bovis BCG Tokyo. M. bovis BCG Tokyo was grown as a pellicle at 38 Ϯ 1ЊC for 8 to 9 weeks on modified Reid's medium in 12 ϫ 3 liters in 4-liter bottles (3, 22, 30) and was harvested through a closed filtration system (unpublished data). Modified Reid's synthetic medium consisted of the following ingredients (per liter): asparagine, 9.0 g; potassium phosphate, dibasic, 2.0 g; ammonium citrate, 2.0 g; magnesium sulfate ⅐ 7H 2 O, 1.0 g; ferric ammonium citrate, 0.075 g; sodium chloride, 2.0 g; glucose, 10.0 g; glycerol, 60.0 g; and deionized Milli-Q water, 1,000.0 ml (volume made up quantum sufficiat to 1,000 ml; (Millipore Corporation, Bedford, Mass.). The following mineral supplements were then added to the aqueous solution: copper sulfate (0.1385 g/100 ml), 1.0 ml; manganese chloride ⅐ 4H 2 O (1.388 g/100 ml), 0.5 ml; and zinc sulfate, granular (2.778 g/100 ml), 0.5 ml. The pH was adjusted to 7.4 with 2 N potassium hydroxide. The filtrate was stored at 5ЊC after the addition of 1 mM phenylmethylsulfonyl fluoride and 0.01% Merthiolate and pending sterility test results.
Purification of protein antigens. Other than for chromatofocusing and HIC, which were done at room temperature, the protein solutions were stored at 5ЊC with Merthiolate or were frozen at Ϫ20ЊC. At the time of processing the stored culture filtrates were refiltered through a 2V filter (Whatman, Maidstone, United Kingdom) and 1.2-and 0.45-m-pore-size membranes (Millipore, Mississauga, Ontario, Canada) and were concentrated with a PM-10 ultrafilter in a TCF-10 concentrator (Amicon, Oakville, Ontario, Canada) until the protein concentration was 1.5 to 2.0 mg/ml, as determined by the Coomassie Plus Protein Assay kit (Pierce, Rockford, Ill.) (see below). The protein was then precipitated with 75% saturated ammonium sulfate (high-performance liquid chromatography [HPLC] grade; Bio-Rad, Hercules, Calif.) (15) for 2.5 h at room temperature and overnight at 4ЊC. The precipitate was reconstituted in water and was dialyzed against water by using Spectra/Por Molecular Weight Cutoff 3500 dialysis tubing (Spectrum Medical Industries, Houston, Tex.) which had been previously soaked overnight in water. This concentrate was further concentrated to approximately 5.0 to 8.0 mg/ml with an Amicon YM-3 membrane. Chromatofocusing was done on an HR 16/50 column (1.6 by 50 cm) packed with PBE 94 (Pharmacia, Uppsala, Sweden) and preequilibrated with piperazine (pH 5.6). The protein was applied and eluted with a pH gradient of from 5.6 to 4.0 generated by Polybuffer 74 (pH 4.0) in a Pharmacia fast-performance liquid chromatography system (Pharmacia); this was followed by washing with 1 M NaCl. The eluted protein peaks were concentrated with an Amicon YM-3 ultrafilter to approximately 10 ml. The proteins were each precipitated with ammonium sulfate as described above, reconstituted in approximately 5 ml of water, and dialyzed against water and Tris buffer (0.1 M Tris, 1 mM MgCl 2 , 1 mM CaCl 2 , 1 mM MnCl 2 [pH 7.2]). The dialyzed material was applied to a 1-by-34-cm column of ConA-Sepharose 4B (Pharmacia) equilibrated with Tris buffer and was eluted stepwise with 100 ml of Tris buffer, 75 ml of 0.1 M ␣-methyl mannopyranoside in Tris buffer, and 100 ml of 0.5 M ␣-methyl mannopyranoside in Tris buffer. These eluates were dialyzed against 0.1 M NaH 2 PO 4 (pH 7.0) and were concentrated with a YM-3 ultrafilter if necessary. Then, 2.46 M (NH 4 ) 2 SO 4 in 0.1 M NaH 2 PO 4 (pH 7.0) was added slowly with constant stirring to make the concentration 0.41 M (NH 4 ) 2 SO 4 (10%). After clarification by low-speed centrifugation, the protein was applied to an HPLC TSK Phenyl 5PW (Bio-Rad, Hercules, Calif.) HIC column (0.75 by 7.5 cm) preequilibrated with 0.82 M (NH 4 ) 2 SO 4 in 0.1 M NaH 2 PO 4 (pH 7.0) and eluted with a decreasing (NH 4 ) 2 SO 4 gradient in the same buffer. The various protein peaks were dialyzed against water and lyophilized.
SDS-PAGE determinations. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was performed in an SE 600 vertical electrophoresis unit (Hoefer Scientific Instruments, San Francisco, Calif.) by using a modification of the discontinuous system described by Laemmli (21) . A sample was added to an equal volume of sample buffer (0.0625 M Tris [pH 6.8], 12.5% glycerol, 1.25% SDS, 1.25% ␤-mercaptoethanol, 0.0025% bromophenol blue), and the mixture was boiled for 5 min. The stacking gel and the separating gels contained 6 and 12% acrylamide, respectively. The proteins were visualized with Coomassie brilliant blue. Molecular weights were based on comparison with low-molecularweight standards (Bio-Rad) and protein ladder standards (Life Technologies, Gaithersburg, Md.) (34) .
Carbohydrate and protein determinations. Total carbohydrate was determined by the phenol-sulfuric acid method (10) . Protein was determined either with the Coomassie Plus kit (Pierce) on the basis of a modification of the original method of Bradford (4) in the case of crude culture filtrates or with the bicinchoninic acid (BCA) kit (Pierce) (see also reference 35) in the case of purified antigens following HIC.
N-terminal amino acid sequencing. Automated gas-phase amino acid sequencing was performed on an Applied Biosystems (Foster City, Calif.) 475A protein sequencing system incorporating a model 470A gas-phase sequencer equipped with an on-line model 120A PTH analyzer under the control of a model 900A control and data analysis module (25) . Figure 1 depicts the novel scheme used for the purification of protein antigens from culture filtrates of M. bovis BCG Tokyo, whereby chromatofocusing and lectinaffinity chromatography (ConA-Sepharose) is followed by HIC (TSK Phenyl 5PW). On assessment of recovery, approximately 30% of the ammonium sulfate-precipitated protein of the concentrated culture filtrate (from 28 liters) was recovered after chromatofocusing. Subsequently, after ConA-Sepharose chromatography and HIC, 5.8% of the ammonium sulfate-precipitated protein was recovered and included 78.4 mg of MPB70, with lesser amounts (5 to 10 mg) of the other antigens. Chromatofocusing resulted in peaks 1 to 6, representing substances with progressively lower isoelectric points (Fig. 2) .
RESULTS

Protein recoveries.
Evaluation of chromatofocusing peaks 1 to 3. Peak 1 revealed little Coomassie blue staining but, rather, contained much carbohydrate material revealed by the phenol-sulfuric acid determination. It had a blueish opaque, turbid appearance, characteristic of mycobacterial polysaccharide (37) , which likely caused the apparent absorption at 280 nm.
Chromatofocusing peak 2 contained material slightly larger than 31 kDa which was not retained by ConA-Sepharose chromatography and was found to be present in HIC peaks 5 to 7 (Fig. 3a) . The molecular mass and the N-terminal amino acid sequence of HIC peak 5 suggested the presence of either BCG85A or BCG85C antigen or a mixture thereof ( Table 1) . The existence of multiple peaks may reflect such a mixture or perhaps different hydrophobic forms of either antigen. Evaluation of whether there is a mixture of BCG85A and BCG85C antigens will require the application of isoelectric focusing (9) or two-dimensional electrophoresis (28) , as well as the use of crossed immunoelectrophoresis (43) . Nevertheless, chromatofocusing has simplified the purification of these antigens by removing BCG85B (see below). The proteins present in peak 3 are ill-defined at this time. This is also true for the proteins in the unmarked peaks between peaks 2 and 3 and between peaks 4 and 5, which appeared to be of a spurious nature and inconsistent.
The majority of protein material in the chromatofocused peaks 2 to 5 did not bind with ConA-Sepharose. Peak 6, however, contained a 43/47-kDa protein doublet which was eluted with 0.1 M ␣-methyl mannopyranoside (see below). No culture filtrate antigens were eluted with 0.5 M ␣-methyl mannopyranoside.
By these chromatographic techniques, several major proteins were purified. For these identification was done on the major HIC peaks (Fig. 3) that exhibited the least heterogeneity in the accompanying SDS-PAGE profiles and was based on molecular size, chromatographic separation, and N-terminal amino acid sequencing. The less prominent proteins evident in the SDS-PAGE profiles have not been further characterized.
Purification of antigen BCG85B. Chromatofocusing peak 4 was ultimately shown to contain the major antigen BCG85B which was not retained by ConA-Sepharose chromatography and was present as peak 4 after HIC. (Fig. 3b; Table 1 ). Therefore, chromatofocusing not only accomplished the clear separation of BCG85B from other BCG85 complex antigens on the basis of isoelectric point differences (9, 15) and on the basis of the lower molecular mass of 30 kDa, but it also should facilitate the separation of BCG85A from BCG85C whenever a mixture of these occurs.
Purification of a 17-kDa protein. Chromatofocusing peak 4 was also shown to contain a 17-kDa protein that was not retained by ConA-Sepharose chromatography and was well separated from BCG85B as peak 1 on HIC (Fig. 3b) . This antigen, which had not been identified in a previous investigation (15) , has a high degree of similarity to the N-terminal amino acid sequence of a 16-kDa protein purified from M. tuberculosis by a combination of anion-exchange and gel filtration chromatographies (20) and the 18-kDa MPT63 antigen purified from M. tuberculosis on a phenyl-Sepharose column (28) . It therefore seems reasonable to designate this antigen MPB63.
Purification of antigen MPB70. Chromatofocusing peak 5 was passed through a ConA-Sepharose column to ensure the recovery of the nonglycosylated form of MPB70 (15) . This antigen was identified as the principle HIC peak 1 protein in Fig. 3c on the basis of a molecular size of 23 kDa and its N-terminal amino acid sequence (Table 1) . In contrast to the BCG85 complex antigens, MPB70 is relatively hydrophilic. MPB70 was likely also present in peaks 0 and 2 on the basis of SDS-PAGE profiles, again reflecting the possibility of different hydrophobic forms of this antigen, as noted above for the BCG85 antigens.
Purification of antigen MPB64. The MPB64 antigen was ultimately shown to be present in chromatofocusing peak 6 which, although poorly resolved from peak 5 containing MPB70, was clearly separated by HIC, the MPB64 antigen being present in HIC peak 4 ( Fig. 3d; Table 1 ). Neither of these antigens were retained by ConA-Sepharose chromatography.
Purification of a 43/47-kDa protein doublet. In contrast to the other antigens, the 43/47-kDa protein doublet present in chromatofocusing peak 6 was retained by ConA-Sepharose chromatography, enabling the clear separation of this complex from MPB64, which was not retained by the ConA-Sepharose column but which shows the same elution characteristics as MPB64 on HIC ( Fig. 3d and 3e ; Table 1 ). Both members of the doublet exhibited N-terminal amino acid sequences similar to that of the 45/47-kDa M. bovis BCG antigen, which was isolated by using an HPLC DEAE column and an HPLC RP-300 reverse-phase column (31) , as well as those of similar antigens extracted from M. tuberculosis (11, 12, 23, 28) . These include the 41-kDa protein named MPT32 (28) and the 50/55-kDa antigen complex originally isolated by ConA-Sepharose chromatography (12) . It therefore seems reasonable to designate the doublet extracted from M. bovis BCG antigen MPB32.
DISCUSSION
The establishment of an improved purification strategy, reported here, is required in order to have a sufficient quantity of VOL. 3, 1996 PURIFICATION OF M. BOVIS BCG ANTIGENS 543 each antigen to facilitate an evaluation of their roles in immunopathogenesis as well as their immunodiagnostic potential. Indeed, some initial evaluation of the most likely candidate, MPB70, has occurred in the Nepean laboratory. That evaluation indicated the usefulness of this antigen purified from M. bovis BCG Tokyo in a novel homogeneous assay (24) , as well as its potential as a serodiagnostic antigen in a variety of animal species (38) . In the latter study (38) , MPB70 used in an indirect enzyme-linked immunosorbent assay exhibited sensitivities of 65 and 79% for cattle and bison, respectively, with matching specificities of 75 and 74%, respectively. Furthermore, that study (38) confirmed that this antigen distinguishes tuberculosis-infected from paratuberculosis-infected cattle (18) . Such studies are to be extended to the other purified antigens. While the less biohazardous M. bovis BCG Tokyo strain has been useful as a source of the same major antigens carried by virulent M. bovis strains, particularly MPB70, it should be cautioned that virulent field strains may reveal new antigens or different amino acid sequences of the known antigens that are of significance to the immunopathogenesis of tuberculosis. In any event, the improvements in purification reported here should be equally applicable to such strains. An examination of protein recoveries is important for assessing the efficiency of any purification strategy, so that adjustments can be made in further harvests to minimize loss. From our experience in the present study, losses on chromatofocusing were likely due to PBE 94 retention of material that is eluted with 1 M NaCl and PBE 94 retention of protein precipitates and aggregates after adjustment to pH 5.5 with the piperazine buffer. In addition, losses likely occurred during ultrafiltration and dialysis. Future studies will focus on improving recoveries and comparing these with alternative purifications.
By chromatofocusing, the BCG85B antigen was clearly separated from other BCG85 complex antigens and MPB64 was partially separated from MPB70. Use of a scaled-up version in the large column of PBE 94 used in the present study permitted the processing of large amounts of protein and allowed discolored packing material to be removed from the top 1 to 2 cm of the column and replaced with fresh PBE 94. ConASepharose chromatography was used to ensure the recovery of nonglycosylated MPB70 and also served to separate a 43/47-kDa glycosylated complex (MPB32) from MPB64. Also, in its capacity to separate nonglycosylated from glycosylated proteins, it eased the purification by HIC that followed (Fig. 3) . In view of the nonretention of the majority of antigens which are nonglycosylated by the ConA-Sepharose column, this step could be simplified by performing a batch separation, involving mixing the protein with ConA-Sepharose and then recovering the supernatant after centrifugation.
In general, aside from chromatofocusing, the power of HIC as applied here was evident from the successful isolation of known major antigens from contaminating proteins (Fig. 3) , in addition to the separation of the 17-kDa antigen, designated MPB63, from BCG85B ( Fig. 3b; Table 1 ).
From the SDS-PAGE profiles accompanying the chromato- Fig. 3b , lane 4 30 Fig. 3b , lane 1 17
a Identity is indicated either for this work (Fig. 3) graphic separations in Fig. 3 , in which different peaks showed similar bands, it may be that protein antigens occur in more than a single hydrophobic form because of the formation of aggregates or occur in different conformations. In general, however, this phenomenon of variable hydrophobicity does not adversely affect recovery because the majority of the antigenic material usually appears in a main peak. While BCG85B was well separated from other BCG85 complex antigens by chromatofocusing, it was evident that MPB64 and MPB70 were only partially resolved by this type of chromatography, resulting in cross contamination. However, HIC can complete this purification because of the distinctly different hydrophobicities of these two major antigens. In addition, HIC serves to remove contaminating proteins.
This work is the first to report a 43/47-kDa doublet (MPB32) from M. bovis BCG Tokyo. While the separation of this doublet from MPB64 may not have been achieved by chromatofocusing or HIC, it was nevertheless accomplished by ConASepharose chromatography in view of the glycosylation of these proline-rich antigens (8, 11, 12) (Fig. 3e) . In the case of M. tuberculosis, studies revealed a threonine at positions 10 and 11 (8, 23) , although this was not evident in the 50/55-kDa complex (11) . Position 10 was shown to be a point of glycosylation (8) . In the case of the M. bovis BCG doublets isolated here and elsewhere (31), threonine was not evident at these positions, although for M. bovis BCG Tokyo the possibility of a glycosylated threonine as the unidentified amino acid at position 11 cannot be ruled out (Fig. 3e, lane 2 ; Table 1 ). It was recently found that the cloned M. leprae antigen showed threonines at position 11 as well as position 9 (39). These results suggest differences between the amino acid sequences of the various mycobacterial species as well as between strains for this antigen complex.
Certain rules gained through experience were followed in the present study. Lyophilization of protein solutions was avoided until the final steps because of poor reconstitution of the crude antigen mixtures. With regard to protein concentration estimations, the Coomassie Plus reagent was used up to the HIC step; this was followed by use of the BCA reagent thereafter. This was done because of the inability of the former reagent to accurately determine the protein concentrations of purified antigens, particularly MPB70, possibly because of the poor solubility of highly purified protein. The BCA reagent, on the other hand, could not replace the Coomassie Plus reagent in the earlier stages of the purification procedure because of background interferences.
In summary, in contrast to a high-resolution separation based on a single molecular property, such as charge, the results presented here suggest that the exploitation of other molecular properties, such as hydrophobicity and carbohydrate content, can simplify purification of M. bovis culture filtrate protein antigens.
